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X-ray absorption spectroscopy of the cubic and hexagonal polytypes of zinc sulfide
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We investigate the sensitivity of x-ray absorption spectroscopgutzic-hexagonapolytypism in which
nearest-neighbor positions are virtually unchanged. Experimental spectra and multiple-scattering calculations
are reported at the major absorption edges in the zinc-blende and wurtzite modifications of ZnS. We demon-
strate thatd-like unoccupied bands are preferentially affected, as arédge absorption is sensitive to this
structural transition. The results allow near-edge x-ray absorption spectroscopy to be evaluated as a detection
method for crystal structure modifications in nano-scale systems.
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[. INTRODUCTION structures is in the stacking order ofZnS layers-
respectivelyABCAand ABA™!
X-ray absorption spectroscodXAS) is widely used to

investigate ponding, coordination numbe_r, and valenc_e, but B. XAS as a probe of crystal structure
no systematic work has appeared in the literature that inves- )
tigates the sensitivity of x-ray absorption near-edge structure !N X-ray absorption spectroscopy, a bound electron ab-
(XANES) to subtle structural modifications in which the SOrPS an x-ray photon and is consequently excited to an un-
nearest-neighbor environment is unchanged. Many tetrah&Ccupied state of the photoexcited system. Transitions to ei-
drally bonded crystalline materials are found to be stable irf€" Pound or_free final states which satisfy energy
two or more stacking arrangements, that is, polytypes, irfonservationhy=E;—E;, are permitted, subject to dipole
which structural units are combined in alternative ways. seySelection rules. Transitions to bound states can be considered
eral important classes of semiconducting materials exhibiprobes of unoccupied atomic or molecular orbitals; transi-
cubic-hexagonabolytypism, which can be very close in total tions to propagating electron flngl states can _b_e_conS|dered
energy! yet possess different structural and electrical propProbes of the local geometry, which gives sensitivity to crys-
erties such as density, electronic band gap, and luminescenfd Structure. A propagating spherical photoelectron wave
efficiency? ZnS is of interest as a phosphor and electrolumi-Scatters coherently from surrounding atoms, and interference
nescent material, and is a system in which electrical an&zﬁects in the vicinity of the absorbing atom lead to modula-

structural properties are being investigated as a function dfons in the absorption cross section that vary with the pho-
particle size® Sphalerite, theubic (zinc blendé form of ZnS ton energy. This is the basis for real-space photoelectron

is stable at room temperature, while wurtzite, the less dense
hexagonaform, is stable above 1020 °C at atmospheric pres- ZB
sure and metastable as a macroscopic phase under ambie )
conditions. The relative stability of these phases is modified 7 none e
in both synthetic and natural ZnS nanoparti¢téas a short-
range structural probe, XAS is likely to be valuable in de-
tecting crystal structure modifications in nanoscale systems g~
and additionally describes unoccupied electronic states, im- *,
portant in excited-state processes, such as optical absorptiol  &----------""
luminescence, and photocatalysis. Some XANES studies ol z\/ G

sulfides have included one ZnS polytype, or both but without
the resolution to distinguish the fine structure at any absorp-

: -10
tion edge: FIG. 1. Structures of zinc blend&€B) and wurtzite(W) modi-

fications of ZnS. From the central zinc atom, the second nearest

neighbor shell is displayed. The crystals are aligned so 1]

axis (ZB) and thec axis (W) are parallel to the axis indicated.
Two illustrations of the crystal structures of sphalerite ajong these directions, the polytypes can be simply described as

(cubic or zinc blende phageand wurtzite(hexagonal are  alternate stacking sequences {@,S layers following an ABA

given in Fig. 1. When the comparison otibig along the  pattern in wurtzite and aABCApattern in zinc blende. The top and

[111] axis, tohexagonalalong thg 1000 axis, is made, asin bottom § triangles indicated in the figure are eclipsathggereyl

Fig. 1, a simple description of the difference between thdn wurtzite (zinc blendg.

A. Crystal structure of cubic and hexagonal ZnS
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scattering approaches to x-ray absorption structure such as TABLE I. Summary ofrerrfull multiple-scattering FMS) clus-
the FEFF code!? recently enhanced to perform full multiple- ter sizes for XANES and DOS calculations of zinc blert#B) and
scattering calculations. wurtzite (W), and the maximum angular momentum in the partial
X-ray absorption spectroscopies are traditionally dividedwvave expansion(l), corresponding to Figs. 2 and 3. The FMS
into near-edge and above-threshold regimes. Here we corfANES calculations converged at the cluster sizes shown. All
sider the near-edge regime, but briefly discuss the sensitivitg}?“ﬁi”'ti” potential calculations were performed with a cluster ra-

of extended x-ray absorption fine-struct(EEXAFS) spec-  dius of 5 A.

troscopy to cubic-hexagonalpolytypism. EXAFS experi- . .

ments obtain information on the radial distribution of neigh- __ C2lculation FMS cluster radiugh)

boring atoms, and nearest neighbor distances can be 7B wW

measured to below 0.01-A accuracy. Structurally, however, g L, 3 XANES 13.89 14.11 2
zinc blende and wurtzite differ by more than this margin only |_'23 XANES 11.1 11.7 3
at the third shell. This does allow the polytypes to be directly gk xaANES 10.2 10.34 3
distinguished with data of sufficient quality; alternativedy- 7n K XANES 9.7 9.7 3
bic andhexagonamaodifications are distinguished by observ- DOS 115 1227 2

ing the asymmetry of the interatomic cation-anion pair
distribution®® Close to threshold, XANES is dominated by
multiple-scatteringMS) events and probes farther from the ment farther in energy from the absorption threshold requires
absorbing atom. The study of the sensitivity of XAS to poly-| >3 while close to threshold a large cluster size is more
typism allows a consideration of the volume probed in thegignificant. Fully relaxed core hole potentials were used for S
x-ray absorption process, relevant, for instance, to XAS inyng znK edges. The core hole was fully shielded for S and

nanoscale materials. Zn L edges. The Hedin-Lundqvist exchange potential gave
the best results at all edges, although we note that the Dirac-
Il. EXPERIMENTAL METHODS Hara exchange potential has been previously reported to be

optimal for ZnK-edge absorption in Zn¥.

Fragments of natural zinc blende and synthetic wurtzite rerr calculations of near edge absorption structure are
were mechanically powered to a grain size of greater thagery sensitive to cluster size, and we tested for MS conver-
one micron, and x-ray diffraction of the resulting prepara-gence at each absorption edge with cluster sizes up to a
tions showed pure phases of bulk material. A portion of the14.11-A radius(approximately 600 atomsAll calculations
powders were pressed into indium metal and analyzed wit@onverged within this radius. They were performed increas-
x-ray absorption spectroscopy at the sulfuedge(0.2-eV  ing the number of sulfur atom outer shells, and convergence
photon energy resolutionzinc L-edge(0.3-eV resolutioh  was defined as identical results for two successive cluster
and sulfurK-edge (0.5-eV resolutioh in the total electron sjzes. The cluster sizes used for the calculations are summa-
yield mode at the University of Wisconsin Synchrotron Ra-rized in Table |.

diation Center. Zind-edge data<0.5-eV resolutioh were Thel-projected ground-state ZnS density of statgcu-
acquired in fluorescence yield mode at the Advanced Phototed once convergence and best agreement with absorption
Source, Argonne, IL. spectra had been obtainedere calculated with no core

hole. The radii of the clusters used in the calculations are
11.5 A (zinc blende, 329 atomsind 12.27 A(wurtzite, 406
atoms. It is important to consider the applicability BEFFto
X-ray absorption calculations were performed wittFF  L-edge absorption, because of the neglect by local density
8.0'% with input structures generated byroms,'® and the methods of multiplet interactions that can introduce signifi-
following parameters gave best agreement with the experieant structure in transition elemdntedge absorption spectra.
mental data. Zn and S muffin-tin potentials were calculateds 3d and Zn 4 bands are unoccupied, and herkcd inter-
self consistently within 5-A radius clusters around the Znactions are absent. This leaves core hgle3l interactions,
and S atoms, with the interstitial potential reduced by theobservable in, e.g., Ga-edge absorptioff, but which appear
factor 1.54. The muffin tins were overlapped, which is an-not to be significant in ZnS, seen from the close agreement
ticipated to give a better description of the covalent bondingbetween calculation and experiment. We concluded that there
in ZnS, and which gave best agreement with the data. Wes little interaction between the excitelistates and the core
checked our conclusion that the XAS fine structure modifi-p hole, as better agreement with experimental data was ob-
cations were indeed due to long-range crystal structure diftained by completely screening the core hole in the calcula-
ferences by recalculating the wurtzite spectra using the muftions. Spectra from the spin-orbit split initigl states of S
fin tin potentials derived for sphalerite. The wurtzite XANES (1.1-eV separationand Zn(23.1 eV} were therefore calcu-
were unaffected. lated independently, and combined to reproduce thelful
The calculated spectra were obtained with full multiple edges. It has been shown that a prethreshold feature in CdS
scattering up td =3 or 2 angular momentum projected par- sulfur XANES corresponds to excitation to a core exciton,
tial waves. For computational reasons, calculations for clusa phenomenon not included in the MS calculations. This has
ters >400 atoms were restricted in the angular momentunbeen empirically included in the simulated sulfur spectrum
basis of the self consistent potentialsite2. Good agree- by a Gaussian peak fitted to the first 3 eV of the experimental

Ill. THEORETICAL CALCULATIONS
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a b Zn L-edge the S and ZrK-edge spectr@Figs. 2c) and 2d)], the fine
] structure appears too close to the main peak by 1 eV or less.
§ 5 //ﬁﬁ%c§ Slightly better agreement is obtained in this region with the
g § M use of the Dirac-Hara potentidfl but the neglect of inelastic
5 § // = losses gives overall worse agreement to the data. There are
8 = /[ discrepancies between data and calculation forlZedge
g £ /’\V; XANES of the wurtzite polytype, as a major post-threshold
2 |w f g ] feature appears to be completely absent. In fact, features are
160 165 170 175 180 185 190 1020 1040 1060 1080 1100 1120 1140 predicted in the correct energy position, but are too weak.
photon energy (eV) photon energy (eV) The lower Zn and S site symmetries in wurtzite compared to
c S K-edge d Zn K-edge zinc bIendg(ZB) reduce' the photoe]ectron scattering path
PP — degeneraC|_es, but despite the previous example, the cglcu-
5 8 f lated wurtzite XANES are equal in quality to the sphalerite
g V2 O e e results overall.
8 \/\vmv/ £ Wéi To understand the orbital dependence of polytype sensi-
Bl YW § ; tivity, in Fig. 3 we present the calculated density of states
'c‘é T hver—~——~ 8 | (DOY) of the two polytypes, explicitly showing as an inset
S |w_i 8 | the s-, p-, and d-projected unoccupied DOS’s at the sulfur
] : - — atom. Ultraviolet and x-ray photoemission studies, and soft-
246 2.47 2.48 2.49 2.5 251 2.52 2.53 9.64 9.68 9.72 9.76

photon energy (keV) photon energy (keV) x-ray fluorescence have shown that the valence If6Bd of
II/VI compounds is separated into a mostly anign-@erived
FIG. 2. Experimental and calculated XANES of ZnS zinc upper VB, and a mostly aniors3derived lower VB This
blende (ZB) and wurtzite(W) polytypes. For each polytype, the is reproduced by the present calculations, and a detailed
upper thick curve is the experiment and the lower thin curve is thecomposition of the conduction band is shown in Fig. 3. Go-
calculation. Clockwise from topa) S L-edge. The sulfur @ spin-  jng from ZB to W, the d-like conduction band states in the
orbit splitting is 1.1 eV and the fullL, 3 spectrum is displayed, region 4-11 eV above the conduction band minimum are
including L, L3, and exciton prepeak componerdiashed lines  gpjit. The spreading and appearance of peaks is observed
(b) Zn L-edge. The zinc @ spi_n-or_bit splitting is 23.1 eV and the experimentally in the $-edge XANES[Fig. 2&] and indi-
calculated fulll, 3 spectrum is displayedc) S K-edge.(d) Zn 5105 removal of degeneracy, consistent with lower site sym-
K-edge. metry in the wurtzite crystal. Energy shifts occur on the or-

, ) der of 0.5 eV, almost an order of magnitude greater than
spectra. We show that by including bdthcomponents and  5510g0us behavior observed in the valence Barithe
excitons we obtained an excellent agreement with the lowp-like VB maximum atk=0 is degenerate in zinc blende

energy spectra of both polytypes. (neglecting spin-orbit splitting but splits in wurtzite due to
the perturbation of non-nearest neighbor atoms that lower the
IV. RESULTS AND DISCUSSION site symmetry fromTy to C5,. The magnitude of this VB

splitting is less than 0.1 eV.
A. XANES of ZnS polytypes The sphalerite and wurtzite density of states of Fig. 3 can

The experimental data are given in Fig. 2, compared tde compared with experimental evaluations and other calcu-
full multiple scattering calculations of x-ray absorption. The lations of the semiconducting band gap and the position of
experimental XANES of the ZnS polytypes give clearly re-the Zn 3 states(Table Il). The wurtzite and zinc blende
solved experimental x-ray absorption line shapes at eachand gaps calculated I5EFF are 1.6—-1.8 eV, too small in
L-edge, while the lineshapes are indistinguishable at the suomparison with experiment, but this is consistent with use
fur and zincK edges, and this behavior is very closely repro-of the local density approximation to treat electronic corre-
duced by calculation. At the 8-edge[Fig. 2@@] our spec- lation and exchange. Surprisingly, despite accurately model-
trum of cubic ZnS agrees well with previous datand the ing the modulations in the conduction band and XANES
hexagonal ZnS is strikingly similar to hexagonal CdS  spectroscopy associated witlubic-hexagonalpolytypism,
absorption'® In another previous study, ISedge XANES of  the experimental trend in band gaps is not reproduced. The
zinc-blende and wurtzite ZnS are shown to beposition of the Zn 8 states is also difficult to calculate ac-
indistinguishablé,in disagreement with our results, probably curately, because of the interaction between localized
due to better energy resolution in our data. d-states and the conduction bafidn the present work, and

The converged multiple scattering calculations generallythe calculations of Table I, neglect or incomplete treatment
reproduce all features in the XANES line shapes, with somef the repulsion term results in thed3states being under-
discrepancies in energy position and relative intensities. Thbonded.
energy separation of the absorption features is related to the Although experiment and calculation show that S and Zn
real part of the photoelectron self-enefdynd Fig. 2 shows K-edge absorption spectra cannot be used to distinguish the
that the Hedin-Lingvist exchange-correlation potential giveswurtzite-zinc blende modificatiofFigs. 2c) and 2d)] there
excellent agreement with the data for core hole energieare also predicted modulations in the density of unoccupied
ranging from 160 eV to 10 keV. Immediately post-edge onstates(inset to Fig. 3. This is responsible for a small differ-
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FIG. 3. Electronic density of staté®OS) calculated for zinc blend&B) and wurtzite(W) polytypes of ZnS. The energy scale is relative
to the valence band maximum. Given are the total DOS (arset) the l-projected unoccupied DOS at the sulfur site, multipled by 3 relative
to main graph, and slightly displaced for clarity. The Za Bands are shaded. The radii of the clusters used in the calculations are 11.5 A
(ZB, 329 atomsand 12.27 A(W, 406 atoms

ence perceptible at the sulfgredge around 2.482 ke\Fig  ture at the valence and conduction band edges of semicon-
2(c)], but such fine-structure shifts are obscured by core holducting nanoparticle¥,;?° but there are likely to be addi-
lifetime broadening at th&-edge, discussed below. The re- tional size-related effects due to crystal structure
moval of core hole broadening by measuring XAS with reso-modification. A small particle size may lead to a change of

nant x-ray emission detection may allgwband differences the most stable crystalline phaser to distortion®® Such
to be resolved® ideas have been difficult to test because diffraction patterns

from nanoparticles show a substantial broadening as the
number of diffracting Bragg planes is dramatically reduced.
X-ray absorption appears naturally suited to the analysis
of nanoscale systems, and by combining experiment and cal-
A study of the sensitivity of XAS to polytypism allows a culation we demonstrate that the volume probed by near-
consideration of the volume probed in the x-ray absorptioredge XAS is on the nanoscale for semiconducting materials.
process, relevant for the use of XAS in nanoscale materialdVe chose the &, ; absorption edge, which shows a clear
Polytypisms in bulk materials are easily observed, sincesensitivity forcubic-hexagonapolytypism, and is well mod-
long-range periodicity allows diffraction approaches, buteled by calculations. Figure 4 shows the evolution of calcu-
there exist systems that remain inaccessible to x-ray olated spectra for increasing cluster size, until convergence
electron-diffraction methods, and for which a lodahort- and agreement with experiment are reached. It is clear that
range analysis technique is required. It has been shown thathe absorption lineshape close to the edge is the most sensi-
guantum confinement effects may modulate electronic strudive to longer range structure, as expected. Convergence is

B. Relevance to x-ray absorption spectroscopy of nanoscale
materials

TABLE II. Comparison of calculated and experimental band Bgrand Zn 31 binding energies, in eV,
relative to the VB maximum. Abbreviations: ZB: zinc blend#; wurtzite; LCGO: linear combination of
Gaussian orbitals; LCAO: linear combination of atomic orbitals; OLCAO: orthogonalized linear combination
of atomic orbitals; PW: plane-wave pseudopotential method.

Method Ref., year Eq E (Zn3d)

ZB w ZB w
experiment 21, 1977 3.70 3.91 -9.1 -
FEFF this work 2.16 2.06 -6.19 -6.21
LCGO 22,1981 2.26 - -6.4
LCAO 23, 1985 3.81 3.92 - -
OLCAO 24,1993 2.34 - -6.3 -
PW 25, 1991 1.84 - —6.40 -
PW 26, 1993 3.55 3.23 -5.8 -5.84
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S L-ed K-edge is obtained for clusters of 9.7 A. At this calculation
eage size the experimental lineshape is fully reproduced.

can be modified by crystal structure changes that do not alter

g \/_/‘A\L// V. CONCLUSIONS

g W By comparing data and calculations we have shown ex-
é W plicitly that x-ray absorption line shapes are linked to the
o data | W v density of unoccupied states, and that these electronic states
(4] 1411 A

N 11274

[1]

£

(o]

c

11164354: the first shell absorber environment. We summarize the re-
0.97 4 quirements for XANES to be sensitive to crystal polytypism.
8554 (i) That there exists an x-ray absorption edge correspond-
155 160 165 170 175 ing to a transitione.g.,s-p on p-d) for which the final states
photon energy (eV) are modulated by the different symmetries of the polytypes.

This is true ford-like unoccupied states in ZnS.
FIG. 4. The effect of cluster size on calculations of x-ray ab-  (ji) That the mean free path of the photoelectron—
sorption near edge fine structure fuexagonalZnS. SLpzspectra  including core hole lifetime and extrinsic effects—is suffi-

are plotted for successive additional sulfur outer shells. Convergijent for the photoelectron to probe a volume of the crystal
gence, and a good agreement with experimental data, are reaChe%ssessing the full site symmetry of the absorber.
a 14.11-A radius.

This offers a framework to extend these results to other

. . . systems, in particular, metallic systems, for which mean free
reached at th? 1.4.11—A.rad|us fpr wurtzite. This can be take aths are substantially reduced. Given condifignthere are
as an upper limit for .th.'s material bepayse, at hlgher-ener'g dvantages in acquiring low energy XANES, which give re-
absorption edg_es_, a finite core hole lifetime broadens the f'nguced experimental peak broadening and longer photoelec-
structure and limits the effective mean free path of the pho:
o . . ~tron mean free paths.
toelectron. The core hole lifetime and scattering contribu-

tions to the total mean free path combine'43!
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